Metal/TiO 2 hierarchical nanocomposite arrays were assembled by the deposition of aggregated TiO 2 nanoparticles on anodic aluminum oxide templates and the subsequent loading of metal nanoparticles by electrochemical deposition. The as-prepared samples were characterized by X-ray diffraction, scanning electron microscopy, transmission electron microscopy, energy dispersive X-ray spectroscopy and ultraviolet-visible spectroscopy. The photocatalytic activities of the as-synthesized catalysts were evaluated for the degradation of organic dyes. Our experimental results demonstrated that the greatly improved photocatalytic efficiency of the metal/TiO 2 hierarchical nanocomposite arrays resulted from their high surface area and symmetrical arrangement. As a prospective approach for wastewater purification, our work not only enriches the synthetic methodology for TiO 2 , but also provides valuable knowledge about nanosized photocatalysts.
Introduction
Pioneering works in the early 1970s revealed that hydrogen can be produced by photocatalytic water splitting over a TiO 2 semiconductor under UV irradiation, leading to the broad investigation of nanosized TiO 2 for in vivo imaging, cancer therapy, protein separation/purication, dye-sensitized solar cells, perovskite solar cells and bactericides. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] Utilizing sustainable solar energy is of paramount importance in developing photocatalysts for wastewater treatment. In fact, as a kind of typical azo dyestuff, methyl orange (MO) is one of the main substances in the wastewater industry, and its removal has drawn widespread attention. 12, 13 The effective harvesting of solar energy plays an essential role in developing photocatalysts; other important characteristics include convenient synthesis, scalable production and good stability. Previous works demonstrated that TiO 2 -based photocatalysts are potential candidates for the decomposition of organic pollutants in wastewaters. [14] [15] [16] Great efforts have been made to synthesize nanosized TiO 2 with controllable morphology. However, undoped TiO 2 can be utilized as a UV-light-active photocatalyst due to its wide band gap ($3.20 eV). 17, 18 However, the rapid recombination of photo-generated electron-hole pairs results in low degradation efficiency, which extremely limits its photocatalytic applications. There are two potential approaches to solve this problem: synthesizing TiO 2 -based nanomaterials with high specic surface areas and preparing TiO 2 -based nanocomposites. On one hand, nanosized TiO 2 with a complex structure has improved the photocatalytic activity by increasing the number of surface-active centres. Zhu and co-workers assembled TiO 2 nanoparticles (NPs) with sizes of 4-5 nm into spherical aggregates through the chemical reaction between cyclohexane and cetyltrimethylammonium. 19 Yang and coworkers rst reported the preparation methods of hierarchically ordered metal oxide nanomaterials, which signicantly broaden the assembly strategies for porous nanomaterials.
20
Therefore, TiO 2 NPs can be encapsulated into nanochannels when anodic aluminum oxide (AAO) templates are immersed into the TiO 2 sol solution due to capillary action. The TiO 2 NPs preferably deposit on the wall of the AAO template and then gather in the pore canal. 21, 22 Regardless of the sizes and shapes of the TiO 2 NPs, the controllable synthesis of TiO 2 hierarchical nanoarrays (HNAs) can be achieved by tuning the concentration, immersion time and reaction temperature of the TiO 2 sol. [23] [24] [25] On the other hand, several metal (Ag, Au, and Pt) loading routines have been used to improve the photoresponse of nanosized TiO 2 , such as chemical reduction, ion impregnation, impregnation-reduction, photodeposition and electrochemical deposition. [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] In particular, metal ions can be dispersed uniformly on the surface of TiO 2 permeated in the gap between TiO 2 aggregates using electrochemical deposition. In the past decade, extensive efforts have been directed towards the photodegradation of organic pollutants in a highly efficient manner.
14,40-47 Nevertheless, quite a few studies have reported the photodegradation of organic dyes using TiO 2 photocatalysts with hierarchical nanostructures. [48] [49] [50] [51] In the initial process of photocatalytic degradation, electron-hole pairs are generated under light illumination, separated on the semiconductor surface, and then reacted with organic chemicals in solution. [52] [53] [54] [55] During photocatalytic progress, the enhanced performance can generally be ascribed to the increased reactive surface area or reduced recombination of photo-generated electron-hole pairs, which are regarded as different contributors to the photocatalytic efficiency. 56, 57 In principle, the modication of the photocatalyst surface with metal NPs will facilitate charge-carrier transport and reduce charge-carrier recombination.
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In this work, we present a novel approach to fabricate metal/ TiO 2 
Preparation of TiO 2 NPs
TiO 2 NPs were prepared by a microemulsion method, and the procedure is briey described here. 25 First, 2.0 g CTAB was dissolved in 100 mL distilled water. Second, 2 mL concentrated H 2 SO 4 , 2.5 mL cyclohexane and 1 g Ti(SO 4 ) 2 were sequentially added into the CTAB solution, which was then poured into a 250 mL round-bottom ask. Aer stirring the abovementioned mixture for 1 h, a transparent microemulsion was obtained. Third, a white precipitate was obtained aer reuxing for 1 h (at 100 C). Fourth, the precipitate was centrifuged at a rotation rate of 10 000 rounds per s and rinsed sequentially with deionized water, ethanol and acetone. To remove unreacted chemicals and other impurities, the washing process was conducted three times. Finally, the product was collected by drying the sediment at 40 C for 6 h. The as-synthesized sample, which was in the form of a white powder, in agreement with previous reports, was dispersed in ethanol solution.
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Preparation of TiO 2 HNAs
As shown in Scheme 1, the assembly of aggregated TiO 2 NPs was carried out according our previous work. A homemade AAO template was fabricated by a two-step anodization process. The AAO template with pore sizes between 80 and 100 nm was employed. Briey, a gold lm was deposited on one side of the AAO template and heated for 5 min to block one side of the through-hole AAO template, which was convenient for the assembly of TiO 2 . The AAO template was then immersed in an ethanol solution of TiO 2 colloids (0.5 mg/100 mL) for 24 h at room temperature. In fact, the deposition of the TiO 2 NPs on the channel walls was driven by electrostatic attraction. The AAO template was nally removed by dissolving it in 6 M NaOH aqueous solution, and the resulting sample was then washed several times with deionized water. Longer lengths and higher specic surface areas of the TiO 2 HNAs can be conveniently obtained by extending the deposition time.
Preparation of metal/TiO 2 HNCAs
The aggregated TiO 2 NPs served as the building blocks to assemble TiO 2 HNAs and metal/TiO 2 HNCAs. The Ag/TiO 2 HNCAs were synthesized by facile electrochemical deposition method. In a three-electrode system, the TiO 2 HNAs was used as the working electrode, Ag/AgCl as the reference electrode and the Pt wire as the counter electrode. The system was immersed in an AgNO 3 aqueous solution with a voltage of À0.6 V, and the deposition time was set to 20 min. Aer polishing the redundant TiO 2 NPs, dissolving the AAO template with 6 M NaOH and washing with deionized water, the synthesis of Ag/TiO 2 HNCAs was achieved (Scheme 2). For the synthesis of Au/TiO 2 HNCAs, the electrolyte was switched to HAuCl 4 , and the deposition potential was set to À0.4 V accordingly.
Scheme 1 Schematic illustration of the assembly of TiO 2 HNAs in AAO channels.
Characterization
The crystal structures of the as-synthesized samples were characterized by X-ray diffraction (XRD). The morphologies and sizes of the samples were investigated by scanning electron microscopy (SEM, Hitachi S4800) with energy dispersive X-ray spectrometry (EDX) and transmission electron microscopy (TEM, JEOL JEM-2100F). A UV-Vis spectrometer (Hitachi U-3010) was used to study the optical properties of the samples. X-ray photoelectron spectroscopy (XPS) measurements were performed using a Thermo Fisher Scientic USA ESCA Lab250 spectrometer with monochromatic Al K-alpha X-rays, a hemispherical analyzer and a sample stage with multi-axial adjustment to obtain the compositions of the sample surfaces. The UV-Vis diffuse reectance spectra were obtained using a PerkinEImer Lambda 600S UV/Vis spectrometer equipped with an integrating sphere assembly. The spectra were recorded at room temperature in air from 200 to 800 nm. The photocatalytic properties of the photocatalyst materials were measured using an ultraviolet and visible spectrophotometer (DR6000, HACH).
Photocatalytic activities
The photocatalytic performances of the aggregated TiO 2 NPs, TiO 2 HNAs, and metal/TiO 2 HNCAs were investigated. For all the photocatalysts, the photocatalytic degradation process was carried out in a 100 mL quartz tube under UV light illumination (UV lamp, 300 W). The temperature was kept at ambient temperature with the assistance of cooling water. A UV-Vis spectrophotometer was used to record the absorption spectra of the MO solutions aer the centrifugation of TiO 2 . The residual concentrations of the MO solutions were determined by the characteristic absorption peak at 462 nm. To achieve the optimum photocatalytic conditions of the as-prepared samples, the amount of photocatalyst was varied from 20 to 50 mg L À1 .
The absorbance of the testing solution was measured for 1 h to evaluate the decomposition rate of MO. At particular time intervals, aliquots were withdrawn from the system, and the TiO 2 NPs were separated from the solution by centrifugation. The residual MO solution was used to characterize the concentration by recording its absorbance intensity. Fig. 1a shows a relatively low-magnication SEM image that reveals the overall morphology of the aggregated TiO 2 NPs. As shown in Fig. 1b , TEM characterization reveals that TiO 2 NPs with diameters ranging from 20 to 30 nm were synthesized. The cationic surfactant CTAB on the surfaces of the TiO 2 NPs effectively restricted particle growth, thus preventing excessive aggregation. Fig. 2 shows the existence of Ti (32.04%) and O (63.15%) elements in the as-prepared sample. The peak of S originates from Ti(SO 4 ) 2 and concentrated H 2 SO 4 . TiO 2 HNAs with mesoporous aggregated NPs can be seen in Fig. 3 . As deposition times less than 12 h, aggregated TiO 2 NPs directly assembled into the AAO template and formed nanowire arrays with heights of $200 nm. Extending the deposition time to 36 h, highly oriented TiO 2 HNAs with longer lengths and larger surface areas can be observed aer the removal of the AAO template. The increased surface area of the TiO 2 HNAs may facilitate the photocatalytic degradation of organic pollutants, which will be discussed below.
Results and discussion

Structural and composition analysis
The XRD patterns of the aggregated TiO 2 NPs and TiO 2 HNAs are presented in Fig. 4 (215), respectively, indicating the formation of anatase TiO 2 . The morphologies and sizes of the TiO 2 NPs were characterized by SEM and TEM, respectively. In fact, the TiO 2 HNAs possess high surface areas and large numbers of active centres, which can be utilized to load metals into the interior spaces of the complex nanostructures. Fig. 5a shows that when the TiO 2 HNAs was immersed in the AgNO 3 (or HAuCl 4 ) electrolyte solution, the surfaces of TiO 2 HNAs were lled with metal ions. The surfaces of TiO 2 HNAs were decorated with ultrane Ag NPs aer electrochemical deposition. The surface roughness seems to decrease upon loading with Ag (or Au) NPs, indicating that metal NPs may preferentially deposit in the gaps between aggregated TiO 2 NPs. Compared to TiO 2 HNAs, the lengths of Ag/TiO 2 (or Au/TiO 2 ) HNCAs are longer, and their continuity is better. Furthermore, other defects are also reduced. Fig. 6 shows the typical UV-Vis diffuse reectance spectra of the prepared pure TiO 2 NPs and Ag/TiO 2 HNCAs. In this case, we observed that the pure TiO 2 NPs have no ability to respond under visible light; however, the absorption of the Ag/TiO 2 HNCAs extends signicantly into both the ultraviolet and visible regions. It is clear that the incorporation of Ag results in a substantial red shi of the absorption of TiO 2 . According to the results, the observed absorption of the of Ag/TiO 2 HNCAs in the visible-light range can be attributed to the surface plasmon resonance (SPR) absorption of Ag NPs excited by light irradiation over the sample and the restraint of the electron-hole pair recombination. Obviously, the boosted light absorption contributes to enhancing the photoelectronic efficiency and therefore the photocatalytic activity.
The XPS spectra of the Ag/TiO 2 HNCAs present more evidence of Ag NP deposition. The results (Fig. 7a) clearly show three major sets of peaks corresponding to the O 1s, Ti 2p, and Ag 3d states in the Ag/TiO 2 HNCA sample. No trace of any impurities was observed, except for a small amount of adventitious carbon from the XPS instrument itself. From Fig. 7b , it can be seen that the Ag 3d 5/2 and Ag 3d 3/2 spin-orbitals are located at binding energies of 367.7 and 373.8 eV, respectively. The 6.1 eV difference between the binding energies of the peaks is also characteristic of metallic Ag 3d states. This binding energy also indicates that Ag mainly exists in the Ag 0 state on the surfaces of the TiO 2 HNAs.
Photocatalytic activities
The optimum concentration of MO was determined by photocatalytic experiments. Certain amounts of aggregated TiO 2 NPs were dispersed into 500 mL MO solutions with initial concentrations of 20, 30 and 50 mg L , the degradation rate was reduced to 75%. This can be ascribed to the fact that the photocatalytic reaction principally occurs on the surface of the photocatalyst. For the intermediate concentration of MO, a sufficient amount of cOH can be applied to promote the photocatalytic reaction in the region of the TiO 2 NP surfaces. Furthermore, we investigated the inuence of different dosages of aggregated TiO 2 NPs on the photocatalytic activities. As displayed in Fig. 8b , 95% of MO can be degraded in the presence of TiO 2 NPs aer 20 min. However, we found that the performance obtained with 200 mg L À1 photocatalyst was better than that obtained with 100 mg L À1 and close to that obtained with 400 mg L À1 in the rst 10 min. To evaluate the photocatalytic efficiency, we compare the degradation rate between TiO 2 P25, aggregated TiO 2 NPs and TiO 2 HNAs based on the abovementioned results (Fig. 8c) . Herein, the photocatalytic performance was studied under UV light illumination. The experimental results indicated that only a small fraction of MO is degraded when using TiO 2 P25 and aggregated TiO 2 NPs as the photocatalyst. Fig. 9 shows the photocatalytic degradation rates of MO on the metal/TiO 2 HNCAs and TiO 2 HNAs. The results show that the metal/TiO 2 HNCAs exhibit higher photocatalytic activity than the TiO 2 HNAs, implying that the metal/TiO 2 HNCAs are expected to possess high photocatalytic activity and potential practical applications in the degradation of the organic contaminants in water.
One of the major bottlenecks in TiO 2 -based photocatalysis is insufficient surface-active centres. Therefore, the synthesis of nanosized TiO 2 with large surface area plays a vital role in further improving the photodegradation efficiency. Due to the different formation mechanism, the assembly process of TiO 2 NPs on the AAO template is distinguished from those of other nanomaterials. In this work, aggregated TiO 2 NPs deposited in the holes of the AAO template and then assembled as a uniform nanoarray structure. In fact, the lengths of the TiO 2 HNAs can be controlled by controlling the deposition time. [62] [63] [64] It should also be noted that the diameters of the TiO 2 HNAs can be tuned by the pore size of the AAO template, which may be another critical aspect in the development of TiO 2 HNAs.
As illustrated in Scheme 3(a), the 
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Scheme 3(b) demonstrates the photogenerated charge transfer process between TiO 2 and metal NPs. Previous reports revealed that the modication of metal NPs on semiconductor surfaces can enhance the photocatalytic efficiency by effectively trapping the photogenerated electrons from metal NPs decorated on the TiO 2 surfaces, or by charge-transfer resulting from the Fermi levels of these metal NPs lower than the conduction bands of the semiconductors. [71] [72] [73] The deposition of metal NPs can be considered as an effective way to suppress electron-hole recombination. Consequently, more holes will be available for the photocatalytic reactions. The promotion is derived from the difference in the electronic work functions between the TiO 2 and deposited metal NPs. Considering the minimum energy value of the conduction band of TiO 2 is still higher than the Fermi energy level of the metal/TiO 2 composite structure, photogenerated electrons will simultaneously transfer from the TiO 2 to the decorated metal NPs until the equilibrium of the Fermi levels attained under external activation such as UV irradiation. Furthermore, the Schottky barriers formed between metal NPs and TiO 2 can capture the electrons generated at the metal/TiO 2 HNCA interfaces to prevent electron-hole recombination.
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The hole in the valence band has a strong oxidation ability, and most of the organic chemicals can be rapidly decomposed into CO 2 , H 2 O and other nontoxic substances aer UV light illumination. On one hand, electrons have to be triggered to overcome the barrier from TiO 2 to the metal NPs. On the other hand, electrons will be blocked by the barrier. For metal/TiO 2 HNCAs, the abundant interfacial electrons and photogenerated holes react with O 2 and H 2 O molecules under UV irradiation, enhancing the amounts of cO 2 À and cOH and improving the photocatalytic activities. Therefore, TiO 2 HNAs can be considered as potential building blocks for chemical sensors and energyharvesting devices due to their small dimensions, high material quality, large surface-to-volume ratio, etc.
Conclusions
Using aggregated anatase TiO 2 NPs, we demonstrated a convenient and universal approach to fabricate uniform TiO 2 HNAs with the assistance of an AAO template. Our experimental results revealed that TiO 2 HNAs demonstrate remarkably enhanced photocatalytic activity for the removal of MO compared to aggregated TiO 2 NPs due to its specic large-scale surface characteristics. Metals (Ag and Au) were deposited on the TiO 2 HNA surfaces to form metal/TiO 2 HNCAs. Compared to the TiO 2 HNAs, the HNCAs exhibit extraordinary photocatalytic activity for the photodegradation of MO. In this work, we enriched the synthetic methodology for complex nanostructured TiO 2 and provided a strategy to enhance the photocatalytic efficiency. The prepared materials show great potential for the degradation of organic pollutants in wastewaters.
